The anomalously low mobility of collagen peptides on SDS-gel electrophoresis was investigated, using tadpole skin collagen and bovine Type I, II, and HI collagens.
SDS-polyacrylamide gel electrophoresis is now widely used for the separation and characterization of many proteins (J). Most proteins migrate on SDS-gel according to their molecular weights, but some proteins do not. Collagen peptides are among these "anomalous" proteins. Furthmayr and Timpl (2) suggested that collagen peptides might have a more rigid conformation in SDS (due to the high content of imino acid residues) than common proteins which migrate on SDS-gel according to their molecular weights. It was shown that succinylated collagen, which presumably carries more negative charge than the un-modified collagen, migrated as fast as the unmodified form (2) . Hence, they concluded that the electric charge density of the SDS-collagen peptides was not anomalously low. However, this reasoning does not seem to be well founded. Upon maleylation some proteins move faster and others move more slowly (3) . Arndt and Berg (4) showed that maleylated isoleucyl-tRNA synthetase migrated more slowly on SDS-gel, presumably due to decreased binding of SDS. Thus, it is of interest to characterize further the "anomalous" behavior of collagen peptides in terms of the two parameters proposed by Banker and Cotman (J); free electrophoretic mobility, Mo, and retardation coefficient, KB. According to their interpretation (5) , Mo represents the mobility in the absence of a sieving effect and is a function of molecular charge and frictional coefficient (related to size). It appears (5) that Mo increases only slightly as the molecular weights of proteins become larger. K R is solely dependent on the molecular size and is related to the sieving property of gels. These two parameters can be measured by carrying out electrophoresis at several acrylamide concentrations, and preparing a Ferguson plot (6) .
Furthermore, it was shown (7) that Type in collagen peptides migrated more slowly in the presence of 3-4 M urea than Type I collagen, in spite of the fact that in the absence of urea achains of Type I and Type HI collagens migrated at almost the same rate. Consequently, measurements of Mo and K B for Type I and Type HI collagens in the presence and absence of urea should give useful information on the structure of collagen in SDS.
MATERIALS AND METHODS
Type I and Type III collagens from calf skin (pepsin-treated) were prepared as described elsewhere (7) . Tadpole collagen was extracted with 0.05 M acetic acid from tadpole back skin and purified by repeated salt precipitation at acidic and neutral pH.
Electrophoresis was carried out in a Trisglycine buffer system as described previously (7) . Mobilities of polypeptides are expressed relative to the mobility of Bromphenol Blue.
RESULTS AND DISCUSSION
Mo and K B of Collagens-A plot of the logarithm of relative migration of various peptides with respect to Bromphenol Blue against acrylamide concentration is shown in Fig. 1 (Ferguson plot) . Straight lines were obtained except where the collagen peptides migrated short distances at high concentrations of acrylamide. The free electrophoretic mobilities, Mo, obtained by extrapolation to zero acrylamide concentration for bovine serum albumin, pepsin, and a% were greater than those for aiUJ and aiUH\ of collagen.
The slopes of the lines in Fig. 1 , which are defined as the retardation coefficients, K B , are replotted against the molecular weights in Fig. 2 . KB values for collagen peptides are not "anomalous" in the sense that they fit well with the which contains fewer imino acid residues ( Fig. 3) , is not consistent with the hypothesis that the high content of imino acid residues is responsible for the low mobility of collagen on SDS-gel electrophoresis. Though Furthmayr and Timpl (2) claimed that ray collagen, which has a low content of imino acid residues, migrated faster than collagen from mammals, their data are not conclusive. They used disc-type gel electrophoresis. Without internal standards or both samples in a single tube, it would have been hard to judge accurately a small difference in the mobilities of two proteins.
Effect of Urea on KR and Mo-In 3.6 M urea, collagen peptides moved more slowly on SDS-gel, though the migration of bovine serum albumin or pepsin was not affected by urea ( Figs. 1 and 4 ). Mo and KR were determined in the presence of 3.6 M urea for the group of proteins shown in Fig. 4 . KR values were all the same as those obtained in the absence of urea (Fig. 2 ). Therefore, the presence of 3.6 M urea does not affect Table II ). It is unlikely that urea changed the overall conformation of the peptides in SDS, since the KR values were not affected by the addition of 3.6 M urea ( Figs. 2 and 4) . Whether urea affected the gross size of collagens in the denatured state was further tested by comparing the migration of denatured a-chains in SDS-free polyacrylamide gel electrophoresis in the presence of various concentrations of urea. All the ar-chains tested, ffilTJ, a t , ailTIL and ai[IIl], migrated to the same position on disc electrophoresis at acidic pH, where the migration of a chains of collagen was mainly determined by molecular weight or the gross conformation of the denatured proteins (8) .
No separation of chains among ajlTJ, a t , aJU], and ai[in] was observed on electrophoresis at acidic pH in the presence of various concentrations of urea from 2 to 8 M (data not shown). This indicates that the separation of ai[HI] from aitf] on SDS-gel in the presence of 3.6 M urea is not due to a difference in the gross conformation of denatured arjITJ and aJIII]. Tanford (13) and an experimental value of approximately 1.5 is indicated in Fig. 2 of the paper by Krigbaum and Rubin (12) . d Af o° and M o a are the free mobilities (Af 0 ) in the absence and presence of 3.6 M urea, respectively. on SDS-gel electrophoresis. It appears that the content of hydrophobic amino acid residues is consistent with the anomalous behavior of different a chains of collagen on SDS-gel. One of the basic requirements for the evaluation of the characteristics is an even distribution of the chemical constituents along the collagen chain. All the CNBr-cIeaved peptides migrated according to their molecular weights (2) . The distribution of hydrophobic amino acid residues is as even as that of imino acid or polar amino acid residues in the collagen molecule (9) .
Characteristic Structures of Collagen Responsible for the Anomalous Behavior on SDS-Gel-

Low Content of Hydrophobic Amino Acid
Residues of Collagen and Mo-Since KR values for ay and a, chains were the same, as shown in Fig. 2 , the difference in mobility should be attributable to an "anomalously" low Mo of the a.\ chain. One possible reason for the "anomalous" Mo is a smaller average charge of the SDS-protein complex per unit weight of collagen peptides in comparison with the complexes between SDS and common proteins. The binding force between SDS and proteins is hydrophobic (7, 10, 11) . Collagen peptides contain anomalously small amounts of hydrophobic amino acid residues (7) . A quantitative measure of the hydrophobicity of proteins has been proposed by defining the hydrophobicity of each amino acid residue (75, 16) . Table II shows the free energy of hydrophobic interactions calculated for some proteins and collagen peptides based on the reported values (12, 13) . Although the hydrophobicity of a proline residue is unclear, it is obvious that collagen peptides are much less hydrophobic than other proteins. Furthermore, the or, chain, with a higher Mo value, showed the highest hydrophobicity among collagen peptides. According to this hypothesis, aiDH] should migrate at the lowest rate, since it has the lowest hydrophobicity among the collagen ai chains examined (Table H) . This was the case when SDS-gel electrophoresis was carried out in the presence of 3.6 M urea ( Fig. 4) (7) . That is, in 3.6 M urea, aitllTJ migrated slowest among aJJl, ar 2 , and aJIII]. aiUJ and ai [S] migrated at about the same velocity in the presence of urea (7) , faster and slower than aillll] and a t , respectively. The effect of urea on the migration of a-chains on SDS-gel electrophoresis was correlated with the hydrophobicity of the proteins (Table II) . Thus, the results could be accounted for if urea weakens the hydrophobic interaction between SDS and hydrophobic regions of protein, as discussed elsewhere (14) . If the SDS-collagen complex is of a necklace type, weakened interactions would reduce the average number of SDS micellar beads per peptide unit in time and in space (15) .
The Structure of Collagen-SDS Complex in Relation to the Low Mobility of Collagen on SDS-
Gel-The SDS-protein complex model suggested by Reynolds and Tanford (16) , a rod-like complex which contains a large amount of a-helix, is least applicable to the SDS-collagen complex, since collagen containing a large number of imino acid residues over the entire chain would be most unlikely to form o-helices under any conditions. The rod-like model would not explain the anomalously low mobility of collagen peptides on SDS gel. The model suggests a correlation between the length of a rod made up from a-helices and the mobility on SDS gel (16) for protein-SDS complexes. A lower content of a-helix would not decrease the mobility.
Proline residues in peptides tend to expand the gross conformation of protein random coils in general (17) . Since collagen peptides have high contents (about 20%) of imino acid residues, it seems possible that collagen peptides in random states with little capability for forming a-helix structure even in SDS would have a larger size than expected for a common protein with a similar molecular weight. However, the radius of gyration for collagen computed from its sequence was found to be slightly smaller than that expected from its molecular weight in comparison with many other proteins (18) . Mattice and Mandelkern (19) reported that glycine residues compensated for the expanding effect of proline residues. With its high content of glycine residues (one-third of the total amino acid residues), collagen is unlikely to be in a very expanded form (19) . Therefore, anomalously slow migration of collagen on SDSgel cannot be explained in terms of abnormal overall size of collagen chains in random coils, either. However, it is possible to explain the anomalously low migration of collagen peptides on SDS gel in terms of low charge density of the collagen-SDS complex, presumably due to a weaker interaction between collagen and SDS, if the collagen-SDS complex is of necklace type.
